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PathogenesisComparative genomics is a popular method for the identiﬁcation of microbial virulence determinants,
especially since the sequencing of a large number of whole bacterial genomes from pathogenic and
non-pathogenic strains has become relatively inexpensive. The bioinformatics pipelines for comparative
genomics usually include gene prediction and annotation and can require signiﬁcant computer power. To
circumvent this, we developed a rapid method for genome-scale in silico subtractive hybridization, based
on blastn and independent of feature identiﬁcation and annotation. Whole genome comparisons by in sil-
ico genome subtraction were performed to identify genetic loci speciﬁc to Streptococcus mutans strains
associated with severe early childhood caries (S-ECC), compared to strains isolated from caries-free
(CF) children.
The genome similarity of the 20 S. mutans strains included in this study, calculated by Simrank k-mer
sharing, ranged from 79.5% to 90.9%, conﬁrming this is a genetically heterogeneous group of strains. We
identiﬁed strain-speciﬁc genetic elements in 19 strains, with sizes ranging from 200 to 39 kb. These ele-
ments contained protein-coding regions with functions mostly associated with mobile DNA. We did not,
however, identify any genetic loci consistently associated with dental caries, i.e., shared by all the S-ECC
strains and absent in the CF strains. Conversely, we did not identify any genetic loci speciﬁc with the
healthy group. Comparison of previously published genomes from pathogenic and carriage strains of
Neisseria meningitidis with our in silico genome subtraction yielded the same set of genes speciﬁc to
the pathogenic strains, thus validating our method.
Our results suggest that S. mutans strains derived from caries active or caries free dentitions cannot be
differentiated based on the presence or absence of speciﬁc genetic elements. Our in silico genome subtrac-
tion method is available as the Microbial Genome Comparison (MGC) tool, with a user-friendly JAVA
graphical interface.
 2013 The Authors. Published by Elsevier B.V. Open access under  CC BY-NC-ND license.1. Introduction
The study of the genetic basis of microbial pathogenesis has
been guided by the molecular adaptation of Koch’s postulates(Falkow, 1988), i.e., the notion that a disease phenotype should
be associated with pathogenic strains of a species that harbor
one or more genes associated with a virulence trait. Comparative
genomics methods are particularly useful for the identiﬁcation of
genetic elements associated with virulence when pathogenic and
non-pathogenic strains of a bacterial species can be isolated. For
example, DNA subtractive hybridization has led to the identiﬁca-
tion of pathogenicity islands and clone-speciﬁc markers for several
bacterial pathogens (Winstanley, 2002).
With high-throughput sequencing technologies, it is now pos-
sible to identify virulence determinants by interrogating in silico
a large number of whole genomes from bacterial strains isolated
from diseased or healthy hosts (Hu et al., 2011). The availability
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to the pan-genome concept, or the sum of the core genes shared
among all sequenced strains of a species, and the accessory genes
that are present in at least one, but not all strains studied (Tett-
elin et al., 2005). Popular programs for comparative genomics of
whole genomes such as MAUVE (Darling et al., 2004), ACT (Car-
ver et al., 2005), or MUMmer (Laing et al., 2011), can align entire
genomes to highlight regions of similarity and synteny, but may
not represent the most practical approach for the rapid identiﬁ-
cation of accessory sequences common to a large group of
strains. Instead, a few in silico comparative genomics methods
have been described that apply the rationale behind DNA sub-
tractive hybridization to whole genome sequences for the identi-
ﬁcation of group-speciﬁc genes. mGenomeSubtractor (Shao et al.,
2010) and FindTarget (Chetouani et al., 2001) only take into ac-
count protein coding regions. The novel region ﬁnder (NRF) mod-
ule of Panseq (Laing et al., 2011) is available as a standalone
version, but it requires knowledge of Perl and Unix-based
systems.
We developed an in silico genome subtraction method for the
rapid identiﬁcation of genetic elements speciﬁc to a group of
strains. The accompanying software called Microbial Genome
Comparison (MGC) tool is described in detail elsewhere (Chen
et al., 2013), and is available as a Java executable from SourceForge.
This tool performs in silico genomic comparisons independently of
feature identiﬁcation and annotation, an advantage over more
comprehensive, yet time-consuming pipelines of comparative
genomics. Instead, the MGC tool consists of the in silico fragmenta-
tion of the genome sequences followed by a series of between
groups and within groups blastn queries (Altschul et al., 1997). In
this study, we applied the in silico genome subtraction method as
implemented in the MGC tool to the comparison of 20 genome se-
quences of Streptococcus mutans, commonly referred to as the main
etiological agent of dental caries.
Dental caries remains the most common chronic disease of
childhood in the United States, with a prevalence of 41% among
children 2–11 years of age (Roberts, 2008). Severe early child-
hood caries (S-ECC) is an extremely destructive form of dental
caries affecting the primary dentition of children six years and
younger (AAPD, 2004). The association between S. mutans and
S-ECC has been well documented both by culture-based (Loesche
et al., 1975; Marchant et al., 2001; Milnes and Bowden, 1985;
Tanner et al., 2011; van Houte et al., 1982) and culture-indepen-
dent surveys (Becker et al., 2002; Corby et al., 2005; Kanasi
et al., 2010) of the dental bioﬁlm. Individuals free of detectable
caries can, however, harbor S. mutans in their dental bioﬁlm
(Ge et al., 2008; Loesche, 1986; Marchant et al., 2001; Tanner
et al., 2011), and the presence or total numbers of S. mutans
are poor predictors of subsequent caries activity (Thenisch
et al., 2006).
Whether speciﬁc genotypes of S. mutans are associated with S-
ECC, and are different than genotypes colonizing caries-free (CF)
children, has not been determined, but the evidence suggests that
strains can differ in virulence (Fitzgerald et al., 1983; Kohler and
Krasse, 1990). The remarkable intra-species genetic variability
exhibited by S. mutans has been extensively documented by
restriction enzyme ﬁngerprinting (Cauﬁeld and Walker, 1989;
Kulkarni et al., 1989), MLST (Do et al., 2010; Nakano et al., 2007),
comparative genome hybridization (Zhang et al., 2009), and the
comparison of two sequenced genomes (Ajdic et al., 2002; Maruy-
ama et al., 2009). The virulence of S. mutans strains may be associ-
ated with the presence or absence of regions of accessory DNA, so
we queried the genome sequences of 10 S-ECC and 10 CF S. mutans
strains through in silico genome subtraction with the MGC tool to
identify differences in their genetic repertoire that correlate with
differences in caries experience.2. Materials and methods
2.1. Bacterial strains
This study included 20 S. mutans strains previously isolated, 10
from children diagnosed with severe early childhood caries (S-ECC)
and scheduled for extensive caries restorative treatment under
general anesthesia at the Bellevue Hospital, New York, NY, and
10 from children diagnosed as being free from detectable caries
(caries-free [CF]) (Argimon and Cauﬁeld, 2011). Bacterial samples
from saliva and pooled plaque of the S-ECC and CF children were
collected. Additionally, for S-ECC children plaque samples were ob-
tained from caries lesions. S. mutans isolates were selected from
mitis salivarius-bacitracin agar medium (MSB) based upon colony
morphology (Argimon and Cauﬁeld, 2011). The study protocol for
human subjects was approved by the Institutional Review Board
of New York University School of Medicine and Bellevue Hospital.
Our study cohort of S-ECC children conformed to the recent reclas-
siﬁcation of S-ECC as hypoplasia-associated severe early childhood
caries (HAS-ECC) (Cauﬁeld et al., 2012). In most cases, only 1 S. mu-
tans genotype was isolated from each subject, though 4 subjects
presented 2 genotypes, and 2 subjects presented 3 genotypes.
The 20 strains represented 20 different S. mutans genotypes by
chromosomal DNA ﬁngerprinting (CDF) and arbitrarily-primed
PCR (AP-PCR), as previously reported (Argimon and Cauﬁeld,
2011). Total genomic DNA was obtained as previously described
(Argimon and Cauﬁeld, 2011).2.2. Genome sequencing and assembly
Twenty S. mutans genomes, 10 from S-ECC children and 10 from
CF children, were multiplexed and library preps were generated
using the Illumina TruSeq DNA Sample Prep Kit according to man-
ufacturer’s instructions. Libraries were sequenced on the Illumina
HiSeq 2000 Genome Analyzer System (coverage of 100), and
the 50 bp paired-end reads thus generated were assembled de novo
into contigs using ABySS (Simpson et al., 2009). The contigs for
each sample were reordered based on alignment to the reference
genome sequence of strain UA159 with Mauve Contig Mover (Riss-
man et al., 2009).2.3. Estimation of genome sequence similarity
We used a simple, rapid, computationally efﬁcient and scalable
method based on the sharing of short DNA words (k-mers) be-
tween genome sequences. The pairwise similarity between gen-
ome sequences was estimated with Simrank, which computes
the similarity between two sequences as the number of unique
k-mers shared, divided by the smallest total unique k-mer count
in either sequence (DeSantis et al., 2011). This method requires
no annotation of the genomes, treats all portions of the genome
equally, and can even be applied to sequence reads that have not
been assembled into contigs. The complete genome sequences of
S. mutans strains UA159, NN20225, GS-5 and LJ23 (Table 1), and
Streptococcus agalactiae strains (NC_004368.1) and 2603 V/R
(NC_004116.1) were included as a reference. A k-mer length of
10 was chosen empirically and validated by comparison of the re-
sults to previously published similarity values for S. agalactiae gen-
omes (Tettelin et al., 2005). The contigs in each S. mutans draft
genome sequence were concatenated and separated by a stretch
of Ns equal to the length of the k-mer. Dissimilarity (100-similar-
ity) matrices of pairwise comparisons between genome sequences
were employed for hierarchical clustering of the genomes based on
the unweighted pair group method with arithmetic mean (UP-
GMA), as implemented in the seqlinkage tool in the Matlab
Table 1
General features of 20 draft and 4 fully-sequenced S. mutans genomes. n: number of contigs P100 bp; N50: longest contig length such that at least 50% of all base-pairs are
contained in contigs of this length or larger (Lander et al., 2001); size: sum of contig lengths for draft genomes, or size of the complete genome for the reference strains; G+C
content.
Caries group Strain ID Genome ID GenBank accession n N50 Size (bp) G+C (%)
S-ECC B05Sm11 01 ALYO00000000 172 89,289 2038052 37.0
B13Sm1 02 ALYP00000000 79 134265 2152906 36.8
B12Sm1 03 ALYQ00000000 195 67,744 2176605 36.9
B084SM-A 04 ALYR00000000 125 92,931 2049790 36.9
B107SM-B 05 ALYS00000000 147 106823 2105230 36.8
B04Sm5 13 ALYY00000000 221 62,705 2079820 37.0
B082SM-A 14 ALYZ00000000 164 97,499 2129726 37.0
B06Sm2 15 ALZA00000000 254 72,589 2221276 37.0
B85SM-B 16 ALZB00000000 109 96,201 2103020 37.0
B88SM-A 17 ALZC00000000 306 72,442 2064873 36.8
CF B16-P-Sm1 18 ALZD00000000 115 94,212 2331519 36.9
B23Sm1 19 ALZE00000000 329 74,707 2099531 37.1
B111SM-A 20 ALZF00000000 78 123128 2125644 36.9
B114SM-A 21 ALZG00000000 105 120718 2111086 37.0
B115SM-A 22 ALZH00000000 90 100247 2284933 37.0
B07Sm2 06 ALYT00000000 103 89,728 2224347 36.8
B09Sm1 07 ALYU00000000 169 82,624 2098314 37.0
B24Sm2 08 ALYV00000000 114 89,260 2290015 36.8
B102SM-B 09 ALYW00000000 358 49,104 2098790 36.8
B112SM-A 10 ALYX00000000 83 100,294 2259998 37.1
Reference strains UA159 AE014133.1 2030936 36.8
NN2025 AP010655.1 2013587 36.8
GS5 CP003686.1 2056048 36.8
LJ23 NC_017768.1 2044422 37.1
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further evaluated by Principal Coordinate Analysis (PCoA) using
ADE4 (Dray and Dufour, 2007) R package (Team, 2012). Association
of the Simrank dissimilarity matrices with caries status was tested
using non-Euclidean multivariate analysis of variance method
(Adonis) and by direct t-tests of ﬁrst two axes of the PCoA.2.4. Comparative genomics by in silico genome subtraction with the
MGC tool
Fig. 1 depicts the in silico genome subtraction method imple-
mented in the MGC tool applied to the identiﬁcation of genetic ele-
ments speciﬁc to the S-ECC or CF strains from S. mutans. The
average gene size for S. mutans has been reported as 885 bp for
strain UA159 (Ajdic et al., 2002) and 903 bp for strain NN2025
(Maruyama et al., 2009). Therefore, a 500-bp fragment would be
large enough to contain the coding sequence for a substantial por-
tion of most genes, while a fragment size of 200 bp would better
target the smallest protein coding genes. The draft genome se-
quences were fragmented in silico into consecutive 500-bp or
200-bp segments. The fragments were assigned identiﬁers to trace
them back to their original position in the contigs. We built two
BLAST databases, one containing the CF draft genomes, and one
with the S-ECC draft genomes.
The S-ECC-speciﬁc fragments present in each S-ECC strain were
identiﬁed by querying by blastn the collection of fragments from
each S-ECC genome against the CF database. The fragments that
did not ﬁnd a match in the CF database (no-hit fragments) were
considered speciﬁc to that S-ECC strain. Contiguous fragments
(adjacent on a single contig) were joined together to reconstruct
entire genetic elements unique to each S-ECC strain. A subsequent
blastn all-versus-all search of no-hit fragments identiﬁed frag-
ments shared among the S-ECC strains. The same approach was
used to identify genetic elements speciﬁc to CF strains.
The genetic elements thus singled out were characterized
through a blastx search against a non-redundant protein database
available from the National Center for Biotechnology Information
(NCBI), also included in our MGC tool. Further characterization ofhypothetical proteins was attempted through the search of con-
served protein domains with InterProScan (Quevillon et al.,
2005). Blastx matches were assigned to the functional categories
deﬁned by Clusters of Orthologous Groups of proteins (COGs)
(Tatusov et al., 2003, 1997). A 39 Kb genomic island from genome
08 was also annotated with xbase (Chaudhuri and Pallen, 2006) on
the basis of the reference genome sequences from strains UA159
and NN2025.2.5. Conﬁrmation of in silico genome subtraction results by PCR
The distribution of some of the genetic elements identiﬁed
through our in silico genome subtraction as being speciﬁc to the
S-ECC or CF groups was tested by PCR. Primers (Supplementary File
1) were designed with Primer3 (Rozen and Skaletsky, 2000) to am-
plify 220–700 bp regions from each genetic element. PCR ampliﬁ-
cation was carried out in a Mastercycler Pro thermal cycler
(Eppendorf, Hamburg, Germany) in a 25 ll reaction containing
1 PCR Buffer, 1.5 mM MgCl2, 200 nM of each 20-deoxynucleoside
50-triphosphate, 1 lM of each of the forward and reverse primers,
1.25 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA) and
25 ng of genomic DNA. PCR conditions were typically as follows:
one initial denaturation at 94 C for 3 min, then 30 cycles of dena-
turation at 94 C for 30 s, annealing at 55–57 C for 30 s and exten-
sion at 72 C for 1 min, followed by a ﬁnal extension at 72 C for
5 min. PCR products were resolved by electrophoresis on 1.5% aga-
rose gels in Tris–acetate–EDTA (TAE) buffer, and stained with Sybr-
Safe (Invitrogen). Results were captured with an Alpha IS-1000
digital imaging system (Alpha Innotech Corp., San Leandro, CA).2.6. Validation of the in silico genome subtraction method
implemented in the MGC tool
The genomes of Neisseria meningitidis strains Z2491 (Parkhill
et al., 2000), MC58 (Tettelin et al., 2000) and FAM18 (Bentley
et al., 2007) isolated from cases of bacterial meningitis, and of
strains a14, a153, a275 (Schoen et al., 2008) isolated from healthy
carriers, have been previously described. The genome sequences of
Fig. 1. In silico genome subtraction strategy. Numbers in brackets indicate the number of fragments or genetic elements in each category.
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database (accession numbers AL157959, AE002098, AM421808,
AM889136, AM889137 and AM889138). Genetic elements speciﬁc
to the disease strains were identiﬁed by in silico genome subtrac-
tion as described above, and the results were compared to those
published by Schoen and coworkers (Schoen et al., 2008).
3. Results and discussion
3.1. General characteristics of the S. mutans genomes
The draft genomes obtained for the 20 S. mutans strains in our
dataset consisted of between 78 and 358 contigs (average
n = 166), with an N50 between 49,104 and 134265 (average
N50 = 90825.5) (Table 1). The draft genome sequences revealedsimilar genome sizes and G+C content to four S. mutans genome se-
quences available at NCBI. The average G+C content of the 10 S-ECC
and 10 CF genomes were very similar (S-ECC = 36.92 ± 0.09%;
CF = 36.94 ± 0.12%), while the mean CF genome size appeared to
be marginally larger than the mean S-ECC genome size (S-
ECC = 2.11 ± 0.06 Mb; CF = 2.19 ± 0.12 Mb, p = 0.03). Our results
indicate that we obtained draft genome sequences of similar qual-
ity and characteristics between the S-ECC and CF groups, and that
any potential genetic differences between them are unlikely to be
the result of artifacts of sequencing.
3.2. Estimation of genetic diversity between S. mutans genomes
The genetic diversity of our 20 S. mutans strains was estimated
by calculating the pairwise similarity between genomes with
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tween two sequences based on shared k-mers, thus acting in an
unbiased, annotation independent manner on both coding and
non-coding sequences. Pairwise comparisons between draft gen-
ome sequences were computed with a k-mer length of 10. The
complete genomes of S. mutans strains UA159, NN2025, GS-5 and
LJ23 were included as a reference, and S. agalactiae strains NEM
316 and 2602 V/R were used as the outgroup. The similarity value
between the two S. agalactiae genomes was 93.9% (Supplementary
File 2), within the range of genome similarity previously reported
for strains of this species (85–95%, (Tettelin et al., 2005)). Pairwise
similarity values for our 20 S. mutans draft genomes ranged from
79.5% to 90.9%. The mean similarity was 84.8 ± 2.1% for our 20
draft genomes, very similar to the mean similarity of 84.4 ± 3.1%
for the 4 S. mutans complete reference genomes, which supports
the quality of our draft genomes. Importantly, analyses based on
dissimilarity values by hierarchical clustering (UPGMA) and by
PCoA showed that the genomes do not cluster according to caries
status (Fig. 2 A and B, respectively). No signiﬁcant association with
caries status was found for genome similarity using non-EuclideanFig. 2. Cluster analysis of genomes based on pairwise comparisons of sequence dissimilar
and 4 reference genomes. Two S. agalactiae genomes were included as an outgroup. (B)
status (this study).multivariate analysis of variance (p > 0.05) or for PCo1 and PCo2.
These results are in agreement with our previous comparison of
33 genomes (including the 20 genomes in this study) by chromo-
somal DNA ﬁngerprinting (CDF, (Argimon and Cauﬁeld, 2011)).
3.3. Choice of E-value for the blastn searches
The Expect value (E) is a BLAST parameter that describes the
number of hits expected by chance when searching a database of
a particular size (Camacho et al., 2009). The choice of an E-value
threshold that determines a good match between the query se-
quence and sequences in the database will inﬂuence the number
of fragments identiﬁed as being unique to a strain or group of
strains (i.e., failing to match). For example, the more stringent
(lower) the E-value is, the more fragments from an S-ECC strain
will not ﬁnd a good match in the CF database (composed of se-
quences from all 10 CF strains) and will be singled out as unique
to that S-ECC strain.
We analyzed the inﬂuence of the E-value on our strategy by
plotting the number of 500-bp query sequences from S-ECC strainsity. (A) Dendogram of 20 S. mutans genomes from different caries status (this study)
Principal Coordinate Analysis (PCoA) of 20 S. mutans genomes from different caries
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matches) versus the E-value. Fig. 3 shows that the number of
non-matches remained fairly constant over a wide range of E-val-
ues (1e-8 to 1e-20), supporting the robustness of our method. We
chose a mid-range E-value of 1e-12 to conduct our analysis, with
the expectation that this stringent threshold would identify DNA
fragments that were unique, and eliminate matches that shared
substantial regions of similarity.
3.4. Identiﬁcation of genetic elements unique to the S-ECC and CF
groups
A total of 254 500-bp fragments were identiﬁed as being unique
to the S-ECC strains, i.e., absent in all 10 CF strains (Fig. 1). From
these, 187 fragments were strain-speciﬁc, i.e., present in only one
S-ECC strain, and 67 fragments were shared by at least 2 S-ECC
strains. Conversely, 1069 500-bp fragments were identiﬁed as
being unique to the CF strains, i.e., absent in all 10 S-ECC strains.
Out of these 827 were strain-speciﬁc, and 242 were shared by at
least 2 CF strains. Our method identiﬁed four times more unique
fragments for the CF group than for the S-ECC group. This could
be explained by the fact that the CF genomes in our collection ap-
pear to be larger than the S-ECC genomes.
We found that, in many cases, S-ECC-speciﬁc or CF-speciﬁc 500-
bp fragments mapped to adjacent positions on the genome of a
particular strain. Contiguous 500-bp fragments were joined to-
gether to form genetic elements that ranged from 1 to 39 kb in size,
and contained from 1 to 20 ORFs. The 254 S-ECC-speciﬁc fragments
grouped into 48 genetic elements, out of which only 7 were pres-
ent in more than one S-ECC strain (Table 2 and Fig. 1). Their fre-
quency was rather low, with the most frequent element present
in only 4 out of 10 S-ECC strains. The analysis with a fragment size
of 200 bp yielded largely similar results, with the exception that
three additional elements unique to the S-ECC group were identi-
ﬁed, SECC-8 to 10 (Table 2). These three elements were all
200 bp in size and they matched genes of 375, 885 and 261 bp in
length, respectively. This suggests that, even though a 500 bp frag-
ment is appropriate for the in silico genome subtraction methodFig. 3. Effect of the blastn E-value on the number of fragments speciﬁcapplied to S. mutans, a 200 bp fragment might be more sensitive
for the detection of smaller genes. The 1069 CF-speciﬁc 500-bp
fragments grouped into 113 genetic elements, out of which only
14 were found in two or three CF strains (Table 3 and Fig. 1). Once
the contiguous fragments were grouped into genetic elements, it
became apparent that several of the CF strains contained large
genomic islands (GI) of 10 to 39 Kb in size (Table 3 and Supplemen-
tary File 3), but that the elements found in the S-ECC strains were
smaller than 10 kb. This likely explains the difference in size ob-
served between the S-ECC and CF genomes.
Importantly, we found no S-ECC-speciﬁc fragment present in all
10 S-ECC strains and no CF-speciﬁc fragment present in all 10 CF
strains. Hence, our in silico genome subtraction method did not
identify any genetic elements that deﬁne the S-ECC or CF groups
or serve as biomarkers for dental caries. This was conﬁrmed by
an independent combinatorial analysis of the genomic fragments
shared between 3 and 18 genomes (Supplemetary File 5). Our ﬁnd-
ing is also in agreement with previous observations from our
group. We previously employed DNA suppression subtractive
hybridization (Winstanley, 2002) to identify a set of genetic bio-
markers that could classify S. mutans strains according to their car-
ies status with a 92% accuracy (Saxena et al., 2008). However, when
these biomarkers were re-tested on a different set of isolates they
failed to properly classify them (unpublished results). We also pre-
viously investigated the distribution of loci commonly linked in the
literature to S. mutans virulence across a collection of S-ECC and CF
strains, but we found no association with caries status (Argimon
and Cauﬁeld, 2011). The results from the in silico genome subtrac-
tion are also in agreement with a comparative genomic hybridiza-
tion study of 11 S. mutans isolates from children with high caries
and low caries to reference strain UA159 (Zhang et al., 2009), as
well as with studies on both group A streptococci (GAS, (McMillan
et al., 2006)) and group B S. agalactiae (Hauge et al., 1996; Smith
et al., 2007), which found no signiﬁcant association between the
presence of virulence genes and disease.
A limitation of our in silico subtraction method applied to the
study of bacterial pathogenesis is that differences in virulence be-
tween strains could stem from differences in gene expression, orto each group obtained by the in silico genome subtraction method.
Table 2
Genetic elements unique to S-ECC genomes and shared by at least two of them. The size, number of ORFs and G+C content for each genetic element are indicated. The description
and % identity are for the top blastx hit. The distribution of the genetic elements across the genomes is indicated by (1) presence or (0) absence. Elements SECC-1 to 7 were
identiﬁed with a fragment size of 500 bp. Additional elements SECC-8 to 10 were detected when the genomes were fragmented into 200 bp segments.
ID Size
(kb)
No. of
ORFs
Query
G+C%
Blastx
ident. %
Blastx description Comments Genome ID
01 02 03 04 05 13 14 15 16 17
Fragment size 500 bp
SECC-1 1 2 28.2 99 Conserved hypothetical
protein
Preprotein translocase 1 0 0 1 0 0 0 0 0 0
SECC-2 0.5 1 36.0 74 IS3-Spn1, transposase Insertion seq. ISSmu1 IS3 family 0 1 0 0 1 1 0 1 0 0
SECC-3 1 1 29.3 83 Hypothetical protein No InterProScan hits 0 0 0 0 1 0 1 0 0 0
SECC-4 0.5 1 34.4 52 Putative membrane protein Signal peptide and TM
domains
0 0 0 0 1 0 1 0 0 0
SECC-5 0.5 1 40.8 93 Transposase Insertion seq. ISScr1IS982 family 0 0 0 0 1 1 1 0 0 0
SECC-6 2 1 26.7 40 Conserved hypothetical protein No InterProScan hits 0 0 0 0 0 1 0 0 0 1
SECC-7 3–7 1–4 34.8 78 Type I / Type III
restriction enzyme
Restriction modiﬁcation systems 0 0 0 1 0 0 1 0 0 1
Fragment size 200 bp
SECC-8 0.2 1 32.5 100 Hypothetical protein No conserved
domains detected
0 0 0 0 1 1 0 0 0 0
SECC-9 0.2 1 34.5 100 Hypothetical protein No conserved
domains detected
0 0 0 0 0 0 1 0 0 1
SECC-
10
0.2 1 40.5 74 Addiction module toxin
RelE/StbE family
Plasmid stabilization
system protein
0 0 0 0 0 0 1 0 0 1
Table 3
Genetic elements unique to CF genomes and shared by at least two of them. The size, number of ORFs and G+C content for each genetic element are indicated. The description and
% identity are for the top blastx hit. The distribution of the genetic elements across the genomes is indicated by (1) presence or (0) absence.
Element
ID
Size
(kb)
No. of
ORFs
Query
G+C%
Blastx
ident. %
Blastx description Comments Genome ID
06 07 08 09 10 18 19 20 21 22
CF-1 0.5 1 29 83 Hypothetical protein 1 Transmembrane region
predicted
0 0 1 0 0 0 0 0 0 1
CF-2 0.5 1 39.4 80 Hypothetical protein Signal peptide and 1
transmemb. region
0 0 1 0 0 0 0 0 1 0
CF-3 0.5 1 27.6 99 YjbE family integral
membrane protein
Signal peptide and 4
transmemb. region
0 0 0 1 1 0 0 0 0 0
CF-4 0.5 1 42 52 Unnamed protein product CHAP domain predicted
(peptidase)
0 0 0 0 1 0 0 1 0 0
CF-5 0.5 1 37.4 89 conserved hypothetical
protein
EscC protein fam. Function
unknown
0 0 0 0 1 0 1 0 0 0
CF-6 0.5 1 35.8 74 Integrase-like protein Phage integrase family 0 0 0 0 1 0 1 0 0 0
CF-7 1 2 32.8 47 Conserved hypothetical
proteins
Putative bacterial toxin
system
0 0 1 0 1 0 0 0 0 0
CF-8 1.5 1 32.6 77 csn1 family CRISPR-associated
protein
Maintenance of CRISPR
repeats
0 0 0 0 1 1 0 0 0 1
CF-9 1.5 2 40.9 78 Insertion sequence
transposase
Insertion seq. IS3 family
group IS150
0 0 1 1 0 0 0 0 0 1
CF-10 2.5 3 30.2 38 Hypothetical proteins,
prophage ps3 protein
SEC-C motif(DNA binding) 0 0 0 0 1 1 0 0 0 0
CF-11 4.0–
5.0
5–6 36.5 52 Replication initiation, FtsK/
SpoIIIE family prot
Plasmid replication 0 0 0 1 0 0 0 1 0 0
CF-12 6.5 6 34.4 51 ABC transporter, membrane
protease
GI with transporters and
proteases
0 0 1 0 0 1 0 0 0 0
CF-13 12.5 12 45.4 80 ABC transporter, hypothetical
proteins
GI with transporters 0 0 0 0 0 1 1 0 0 0
CF-14 16 17 37.7 78 FtsK/SpoIIIE fam, DNA
methylase, glycosylase
GI with DNA modiﬁcation
enzymes
0 0 0 1 0 1 0 0 0 0
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absence of particular loci. Other factors affecting virulence could
be differences in host factors, and interactions with other members
of the microbiota, all likely to play a role in caries pathogenesis.
3.5. Conﬁrmation of in silico genome subtraction results by PCR
To validate the strain-speciﬁc fragments identiﬁed by our meth-
od, the distribution of a panel of 8 S-ECC and CF genetic elements
was assessed by PCR. The results agreed with the distribution pre-dicted by the in silico genome subtraction (Tables 2 and 3 and Sup-
plementary File 4), indicating that our method was successful at
identifying elements that were present only in either the S-ECC
or the CF groups, and subsequently identifying these elements in
other strains within the group.
Interestingly, we identiﬁed SECC-2 (Table 2), a genetic element
absent in CF strains and present in four S-ECC strains, as ISSmu1, a
known insertion sequence in S. mutans. A previous study in our
group showed that this insertion sequence seemed to be over-rep-
resented in the S-ECC strains (Argimon and Cauﬁeld, 2011).
Fig. 4. Comparison of COG functional categories between the S-ECC and CF speciﬁc
genetic elements and the completely sequenced genomes of strains UA159 and
NN2025. Each concentric ring represents, from outside to inside: NN2025, UA159,
CF-speciﬁc elements, S-ECC-speciﬁc elements. The segments within each ring
represent the relative contribution of a functional category as a percentage of the
total COGs. For simplicity, Function unknown and General function prediction only
were combined into one category under the name Function unknown.
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groups
The 48 S-ECC and 113 CF-speciﬁc genetic elements were char-
acterized by a blastx search against the complete NCBI non-redun-
dant protein database (nr), as implemented in the MGC tool. The
blast matches were classiﬁed according to the functional catego-
ries deﬁned by Clusters of Orthologous Groups of proteins (COGs)
(Tatusov et al., 2003, 1997). Both S-ECC and CF-speciﬁc genetic ele-
ments matched mostly hypothetical proteins of unknown function
(Fig. 4), but also several proteins involved in biosynthesis of sec-
ondary metabolites, DNA metabolism and defense mechanisms.
An analysis of the relative contributions of each functional cat-
egory to the CF and S-ECC pooled genomes (Fig. 4) shows that, in
comparison to the full genomes of strains UA159 and NN2025, they
are enriched in proteins of unknown function, as well as in proteins
involved in DNA replication recombination and repair, secondary
metabolites biosynthesis, transport and catabolism, and defense
mechanisms. The genetic elements speciﬁc to the S-ECC group
were rich in transposases and restriction modiﬁcation systems,
classiﬁed in the replication, recombination and repair and the de-
fense mechanisms categories, respectively. These were also pres-
ent in the genetic elements speciﬁc to the CF group, but in this
case the secondary metabolites category was more abundant due
to the presence in some of the strains of large genomic islands
for the biosynthesis of polyketides and non-ribosomal peptides.
The G+C content of most of these genetic elements differed
from that of the S. mutans genomes, suggesting that they were
likely acquired by horizontal gene transfer from other species (Ta-
bles 2 and 3).
3.7. Validation of the in silico genome subtraction method
implemented in the MGC tool
Our in silico genome subtraction method did not identify any S-
ECC-speciﬁc fragment present in all 10 S-ECC strains or any CF-spe-
ciﬁc fragment present in all 10 CF strains. To exclude the possibility
that this is the result of a shortcoming of our method we validated
it using a previously published dataset of six Neisseria meningitidis
genomes, three from strains isolated from bacterial meningitis, and
three from healthy carriers (Schoen et al., 2008). Our in silico geno-
mic subtraction method identiﬁed virtually the same meningococ-
cal core pathogenome as Schoen and coworkers, composed of 11
genes, 8 from the prophage Nf1 (NMA1792-NMA1799 according
to the annotation of strain Z2491), plus 3 from the fha locus
(NMA0692-NMA0694). We also identiﬁed an additional prophage
Nf1 gene (NMA17800) by in silico genome subtraction. Our ﬁndings
conﬁrm that the in silico genome subtraction method as imple-
mented in the MGC tool is able to detect genetic elements speciﬁc
to a group of strains when they are indeed present.
Our in silico genome subtraction method implemented in the
MGC tool differs from previously published programs for in silico
subtractive hybridization in several ways. FindTarget (Chetouani
et al., 2001) only takes into account protein coding regions. Our
method eliminates the need of feature prediction and annotation,
thus simplifying the analysis and including both coding and non-
coding regions. The web-based mGenomeSubtractor (Shao et al.,
2010) implements two modes to search for common and strain-
speciﬁc genomic regions between reference and query genomes,
one is CDS-based, the other DNA fragment-based. However, only
one genome can be speciﬁed as the reference and it requires a
CDS annotation ﬁle as part of the input. It is also limited to 10
query genomes, while our in silico genome subtraction method
implemented in the MGC tool can compare as many genomes as
the computing power allows. The NRF module of Panseq (Laing
et al., 2011) also uses a DNA fragment-based algorithm and isavailable both on the web and as a standalone version. The stand-
alone version of the NRF module is capable of comparing a large
number of genomes, but installing and running it is not trivial
for those with basic or no knowledge of Unix systems. Our in silico
subtraction method has been written into the MGC tool (Chen
et al., 2013), a user-friendly, standalone Java executable that does
not require knowledge of Unix systems. In addition, the output of
the NRF module consists only of a fasta-formatted ﬁle with the se-
quences of novel regions. The distribution of these sequences
across the strains can be obtained after running the pan-genome
analysis module, and parsing a binary table containing information
for both the core and accessory sequences across all strains. Panseq
(Laing et al., 2010) uses the MUMmer alignment program (Kurtz
et al., 2004) in an iterative process that adds each analyzed se-
quence to the database before analyzing the following sequence.
Our method, on the other hand, performs a series of between-
groups blastn searches, between each query and a database com-
posed of all the reference genomes, followed by a within-groups
blastn searches to identify blocks common to each group (Fig. 1).
This streamlines the analysis to generate an output that simpliﬁes
S. Argimón et al. / Infection, Genetics and Evolution 21 (2014) 269–278 277the identiﬁcation of sequences that are speciﬁc to group of gen-
omes of interest.4. Conclusions
The methods proposed in this study for in silico genome sub-
traction and k-mer based estimation of genome similarity can be
applied for the comparison of any groups of bacterial strains, and
are independent of gene prediction, annotation, and synteny, thus
circumventing the complex pipelines traditionally implemented in
comparative genomics. The in silico genome subtraction method
implemented in the MGC tool is particularly useful for the rapid
identiﬁcation of loci common to a group of strains, such as viru-
lence or niche-speciﬁc loci. With this method it is possible to iden-
tify shared genetic elements as small as 200 bp to large genetic
islands.
We applied the in silico genome subtraction method to elucidate
whether the virulence of S. mutans strains is associated with the
presence/absence of regions of accessory DNA. The 20 S. mutans
strains included in this study were genetically heterogeneous, as
shown by our cluster analysis based on genome sequence dissim-
ilarity, and previously by CDF. Our results suggest that no particu-
lar genetic element or group of genetic elements is associated with
caries status. It is unlikely that a larger sample size would reveal
such genetic elements with predictive power for disease status.
Our results imply that S. mutans strains from markedly different
oral environments such as those from S-ECC or CF children, do
not possess a common genetic repertoire speciﬁc to those
environments.
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